Background/Aims: The components of cigarette smoke (CS) have been implicated in the development of cancer as well as in cardiopulmonary diseases. We have previously reported increased oxidative stress in rat tissues induced by tobacco-specific toxins nicotine and 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK). Recently, we have also shown increased oxidative stress and associated inflammatory responses in various tissues after exposure to cigarette smoke. Methods: In this study, we have further investigated the effects of nose-only cigarette smoke exposure on mitochondrial functions and glutathionedependent redox metabolism in tissues of BALB/C mice. Liver, kidney, heart and lung tissues were analyzed for oxidative stress, glutathione (GSH) and cytochrome P450 dependent enzyme activities and mitochondrial functions after exposure to smoke generated by 9 cigarettes/day for 4 days. Control mice were exposed to air only. Results: An increase in oxidative stress as observed by increased production of reactive oxygen species (ROS) and altered GSH metabolism was apparent in all the tissues, but lung and heart appeared to be the main targets. Increased expression and activity of CYP450 1A1 and 1A2 were also observed in the tissues after exposure to cigarette smoke. Mitochondrial respiratory dysfunction in the tissues, as observed by alterations in the activities of Complex I and IV enzymes, was also observed after exposure to cigarette smoke. SDS-PAGE and Western blot results also indicate that alterations in the expression of enzyme proteins were in accordance with the changes in their catalytic functions. Conclusion: These results suggest that even short term exposure of cigarette smoke have adverse effects on mitochondrial functions and redox homeostasis in tissues which may progress to further complications associated with chronic smoking.
Introduction
Cigarette smoking and tobacco smoke-related diseases, such as pulmonary disorders, cardio and cerebrovascular diseases and cancers, cause millions of death per year and is also responsible for more than 35% all cancer deaths [1, 2] . There are a number of tobaccorelated active compounds, such as nicotine, NNK, other nitrosamines and aromatic amines and polycyclic aromatic hydrocarbons which are known toxicants and carcinogens [3] [4] [5] . Cigarette smoke (CS) and its main component nicotine and NNK have also been shown to induce cytochrome P450 activities in the liver and other tissues [6, 7] . Alterations in CYP activities and expression are related to the increased oxidative stress and risk for cancer development [7, 8] . Moreover, exposure to cigarette smoke have also been reported to cause a decrease in antioxidant glutathione (GSH) concentration and antioxidant enzymes such as GSH-Px, superoxide dismutase (SOD) and catalase [9] . Studies, including our own, have previously shown that nose-only CS exposure cause increase in oxidative stress, inflammatory responses and endothelial dysfunction in mice and human tissues [1, 2, [10] [11] [12] [13] . The lung and heart tissues appear to be the specific targets for the cigarette smoke-induced toxicity. Moreover, smoking is also implicated in many other chronic conditions such as dyslipidemia, glucose intolerance and abnormal nutritional bioenergetics metabolism [14] . Despite the significance of tobacco smoke induced diseases, the link between tissue specific responses and disease etiology remains unclear. We therefore investigated the effects of short term nose-only CS on GSH-dependent redox homeostasis, oxidative stress, cytochrome P4501A1/1A2 expression and activities of mitochondrial respiratory enzyme complexes in BALB/C mice liver and other tissues. Our results suggest that even short term exposure to CS caused an increase in oxidative stress and alterations in CYP activities and mitochondrial functions in other tissues as well, in addition to the lung and heart as target tissues. Thus CS exposure, even for a short time, may have consequences associated with drug metabolism/ detoxification, oxidative stress and mitochondrial dysfunction in tissues. Although in this study, a mouse model has been used to investigate the effects of direct exposure of nose-only CS, our results may be significant in understanding the adverse effects of CS in humans as well.
Materials and Methods
Cytochrome c, cumene hydroperoxide, NADH, NADPH, dithionitrobenzoic acid,resorufin, 7-ethoxyresorufin, methoxyresorufin, glutathione (GSH), oxidized glutathione (GSSG), glutathione reductase, malonedialdehyde, thiobarbituric acid and, ubiquinone were purchased from Sigma-Aldrich Fine Chemicals (St Louis, MO, USA). 2', 7'-Dichlorofluorescein diacetate (DCFDA) was procured from Molecular Probes (Eugene, OR, USA). Polyclonal antibodies against CYP1A1 and CYP 1A2 were purchased from Amersham Int. Plc. (Amersham, UK), β-actin from Santa Cruz Biotech. Inc. (Santa Cruz, CA,USA) and GSH-Px from Abcam Ltd., Cambridge, UK. Reagents for SDS-PAGE and Western blot analyses were purchased from BioRad Laboratories (Richmond, CA, USA).
Animals and treatment with CS
BALB/ c mice (Taconic Farms Inc. Germantown, NY,USA) were maintained in the College of Medicine and Health Sciences animal house on a 12-hour light-dark cycle. The animals (n=8) were placed in cages and supplied with pelleted food and water ad libitum. All the experiments were performed in accordance with the protocols approved by the Institutional Animal Care and Research Advisory Committee. Following 1 week of acclimatization, animals were randomly divided into two groups: control ( n=8) and CS-exposed group (n=8). The mice were placed in soft restraints and connected to the exposed tower. Animals were exposed to mainstream CS generated by commercially available filtered cigarettes (Marlboro, 12 mg tar/1.0 mg nicotine; Philip Morris, Richmond, VA,USA) through their noses using a nose-only exposure system (InExpose System,Scireq, Canada). A computer-controlled puff was generated every minute, leading to 10 seconds of CS exposure followed by 50 seconds of fresh air. CS-exposed group inhaled smoke from 9
Raza/John/Nemmar: Tissue-Specific Cigarette Smoke Toxicity Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry consecutive cigarettes per day for 4 days as described before [15] . The CS doses and time of exposure chosen in the present study was associated with a good tolerance of mice to the CS sessions without mortality, and an acceptable level of particulate density concentration according to the published reports and as described before [12, 13] . Control mice were treated similarly and were exposed to filtered air for the same duration.
The total particulate density concentration of CS was measured daily and indicated an average of 420.5 mg total particulate matter per m 3 (TPM/m 3 ) in the smoke tower.
Tissue homogenization and fractionation
After the given time of exposure, liver, kidney, heart and lung tissues from air-exposed control and CS exposed BALBc mice were collected and rinsed with ice-cold PBS (pH 7.4) before homogenization in 0.1M phosphate buffer pH 7.4 containing 0.15M KCl, 0.1mM EDTA, 1mM DTT and 0.1mM phenylmethylsulfonylfluoride at 4 o C. Homogenate was centrifuged for 10 minutes at 3000xg to remove cellular debris and supernatants were used for further analysis. Protein content was measured by Bradford's method as described before [12, 16] .
Measurement of ROS and lipid peroxidation
ROS in different tissues of control and CS-treated mice was measured using DCFDA as a fluorescent probe as described before [7, 12, 13, 17] .
NADPH-dependent membrane lipid peroxidation was measured as thiobarbituric acid reactive substance using malonedialdehyde as standard [18] .
Measurement of GSH concentration and metabolism
GSH concentration and enzymes of GSH metabolism, glutathione peroxidase (GSH-Px), were measured in the tissues from control and CS exposed animals by standard procedures as described in previous publications [12, 13, 19, 20] .
Measurement of CYP activities
CYP1A1 and CYP1A2 activities in the tissues from control and treated mice were measured using standard substrates, 7-ethoxyresorufin and methoxyresorufin, respectively as described previously [21, 22] .
Measurement of mitochondrial respiratory enzyme activities
Mitochondrial respiratory Complex I and Complex IV enzyme activities were measured with ubiquinone and cytochrome c as substrates respectively according to the methods of Birch-Machin et al. [23] as described recently [18, 20] .
SDS-PAGE and Western blot analysis
Protein (50 µg) from control and smoke exposed mice tissue homogenates were separated on 12% SDS-PAGE and electrophoretically transferred onto nitrocellulose paper by Western blotting using the standard procedures of Laemmli [24] and Towbin et al. [25] as described before. The immunoreacting protein bands were visualized after interacting with primary antibodies against GSH-Px, CYP1A1 and CYP1A2. Actin expression in each tissue was used as loading control.
Statistical analysis
Values were calculated as mean + S.E.M. of at least three determinations. Statistical significance of the data was assessed using Student's't' test and p values <0.05 were considered significant.
Results

Effect on ROS production
Nose-only CS exposure significantly increased the production of ROS in the kidneys, heart and lungs of the BALB/c mice (Fig. 1) . Liver, on the other hand exhibited no appreciable increase in ROS production. This may be due to increased scavenging of ROS in the liver by higher GSH pool. 1 . Effect of CS on ROS production. ROS in the tissues from control and CS exposed mice were measured using DCFDA as a probe as described in Materials and Methods. ROS-induced fluorescence was measured using the Schimadzu spectrofluorophotometer with excitation 488 nm and emission 525nm. Results are expressed as mean + S.E.M. from three independent experiments and asterisks indicate significant difference (*p<0.05). Fig. 2 . Effect of CS on GSH concentration. GSH concentrations in the tissues of control and CS exposed mice was measured by the recycling method of Griffith using NADPH for enzymatic conversion of oxidized glutathione to GSH which was then measured by conjugating with DTNB as described before [12, 13] . Results are expressed as mean + S.E.M. from three independent experiments and asterisks indicate significant difference (*p<0.05 and **p<0.01). Fig. 3 . Effect of CS on LPO. NADPH-supported membrane lipid peroxidation was measured as TBARS using malonedialdehyde as a standard as described in the Materials and Methods. Results are expressed as mean + S.E.M. from three independent experiments and asterisks indicate significant difference (*p<0.05). Fig. 4 . Effect of CS on GSH-Px activity. GSH-Px activity, using cumene hydroperoxide as a substrate was measured in the tissues from control and CS exposed mice as described in the Materials and Methods. Results are expressed as mean + S.E.M. from three independent experiments and asterisks indicate significant difference (*p<0.05). Raza 
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significantly higher in the heart and lungs of the CS exposed mice in comparison with air exposed mice. The liver, on the other hand has the greatest pool of GSH which is not significantly affected after CS exposure.
Effect on LPO
CS exposure increased LPO in all the tissues studied. However, the lungs and kidney exhibited significantly higher rate of LPO after CS exposure in comparison with the liver and heart (Fig. 3) .
Effect on GSH-Px
CS increased the activity of antioxidant enzyme, GSH-Px moderately (14%)in the liver. GSH-Px activity was significantly increased in the kidney, heart and the lungs (35-70%) suggesting the activation of defense mechanisms against increased ROS production and oxidative stress (Fig. 4) . 5 . Effect of CS on CYP1A1 activity. CYP 1A1 activity, using ethoxyresorufin as a substrate was measured in the tissues from control and CS exposed mice as described in the Materials and Methods. Results are expressed as mean + S.E.M. from three independent experiments and asterisks indicate significant difference (*p<0.05).
Fig. 6. Effect of CS on CYP 1A2
activity. CYP 1A2 activity, using methoxyresorufin as a substrate was measured in the tissues from control and CS exposed mice as described in the Materials and Methods. Results are expressed as mean + S.E.M. from three independent experiments and asterisks indicate significant difference (*p<0.05). Raza 
Effect of CS on the tissue-specific CYP1A1/1A2 enzyme activities
With the exception of heart, CS exposure significantly increased (30-45%) the activity of ethoxyresorufin deethylase which is mainly catalyzed by the CYP 1A1 isoform (Fig. 5) . CYP 1A1 activity was not altered significantly in the heart tissue of BALB/c mice after CS exposure.
Similarly, the activity of CYP 1A2 as measured by its preferred substrate, methoxyresorufin, was also significantly increased in the mice tissues after CS exposure (Fig. 6) . These results suggest a differential response of metabolic activation against CS constituents in different tissues. This may also suggest a differential susceptibility in the tissues of mice towards the toxicity of nose-only CS exposure.
Effects of cigarette smoke on tissue-specific mitochondrial respiratory enzyme complex activities
A differential effect of CS exposure on mitochondrial complex I (NADH-ubiquinone oxidoreductase) activity was observed in BALB/c mice tissues. Complex I activity was found to be significantly increased (37%) in the liver of CS exposed mice while the kidneys and lungs exhibited a marked decrease in the enzyme activity (Fig. 7) . The heart exhibited no significant change when compared with air exposed mice.
Mitochondrial respiratory Complex IV (cytochrome c oxidase) activity on the other hand was significantly inhibited in the liver, kidney, heart and lung tissues in CS exposed mice (Fig. 8) . This may be due to the increased sensitivity of Complex IV enzyme towards ROS and oxidative stress. Mitochondrial respiratory enzyme, Complex I was measured using ubiquinone as substrate as described in the Materials and Methods. Results are expressed as mean + S.E.M. from three independent experiments and asterisks indicate significant difference (*p<0.05 and **p<0.01). Mitochondrial respiratory enzyme, Complex IV was measured using cytochrome c as substrate as described in the Materials and Methods. Results are expressed as mean + S.E.M. from three independent experiments and asterisks indicate significant difference (*p<0.05 and **p<0.01). Raza 
Effect of cigarette smoke on the tissue-specific expression of enzyme proteins
As shown in Figure 9 , the expression of GSH-Px protein was significantly increased (1.2-2.2 fold) in the order, heart>lung>kidney> liver after CS exposure when compared to air exposed animals (Fig. 9) . The expression of CYP1A1 and CYP1A2 enzyme proteins was also increased in the tissues of animals exposed to CS confirming the increased catalytic activities of these enzymes after CS exposure.
Discussion
Cigarette smoking can increase systemic oxidative stress [26] , alter nitric oxide (NO) and reactive oxygen species bioavailability and cause endothelial and cardiac dysfunction [12, 13, 27] . Cigarette smoke is a complex mixture of thousands of constituents and induces the production of reactive oxygen species (ROS). Particulate tar and gas phase smoke component of CS also contain many semiquinone radicals, ROS and reactive nitrogen species (RNS) and carbon monoxide which have been associated with various chronic pulmonary and cardiovascular diseases ranging from inflammation to cancer [28] . GSH plays a major role in protecting biomolecules from oxidative damage caused by cigarette smoke. Our results have shown a significant increase in ROS production in the lung, heart and kidneys by CS. However, GSH concentration appears to be increased significantly in the lung and heart, suggesting activation of the defensive response in these tissues. On the other hand, the GSH level in the kidneys remained significantly lower than control suggesting increased oxidative stress in this tissue. This may be associated with increased detoxification, conjugation and excretion of CS toxicants with GSH in the kidney. Increase in LPO in short term CS exposed tissues could also be attributed to the increase in ROS and altered GSH metabolism. This was also supported by the observation that the activity of the antioxidant enzyme, GSH-Px, was increased in all the tissues. The transient and repeated oxidative stress burstin different tissues have been reported after cigarette smoke within 3 hours of exposure and this may have consequences in increasing the oxidative stress and maintaining the GSH-dependent antioxidant homeostasis [10, 29, 30] .
Our results have shown increased activities and expression of both CYP1A1 and CYP1A2 in the tissues of CS exposed mice. Previous studies have reported that short term exposure to CS induced both CYP 1A1 and CYP1A2 expression, preferably inducing CYP1A1 in long term CS exposure [31] . Our previous results have also shown the differential induction of phase 1 and phase 2 enzymes in tissues treated with CS major components using nicotine and NNK [17, 21] . This induction of CYP 1A1/1A2 enzymes after CS exposure may have implications in the metabolic activation and detoxification of carcinogens present in CS. These results Fig. 9 . Effect of CS on the expression of enzyme proteins. Protein (50 µg) from liver, kidney, heart and lung of CS and airexposed (AE) mice were subjected to 12% SDS-PAGE [24] and Western blot analyses [25] suggest that smokers may have altered efficiency in metabolic activation and detoxification of toxic chemicals compared to non-smokers. CS also caused mitochondrial dysfunction in the tissuse of mice exposed to CS as observed by the inhibition of Complex I and Complex IV enzyme activities. A decrease in ComplexIV activity has been reported in chronic human smokers [32] . Increased oxidative stress caused by CS, especially in the lung, also induces changes in mitochondrial functions, inducing apoptosis and alterations in bioenergetics [33] . Both nicotine and carbon monoxide have been implicated in altering mitochondrial dysfunction and metabolic injury. A significant decrease in the rate of respiration as well as oxidative phosphorylation in the mitochondria was found after CS exposure [7, 20, 34] . Acrolein, a highly toxic CS pyrolysis aldehyde product and 4-HNE, a highly reactive product of LPO are also known to induce mitochondrial dysfunction [35, 36] . Mitochondrial dysfunctions associated with reduced bioenergeticsand oxidative stress induced by CS are associated with increased apoptotic and necrotic cell death [37, 38] .
Conclusion
Our study has shown that even a short term exposure (4 days only) to CS increased oxidative stress in mice tissues, which is associated with mitochondrial dysfunction and altered ability for metabolic activation and detoxification of CS toxicants. 
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